Introduction 44 45
Xylem cells are critical for the transport of water, sugars and mineral nutrients from the 46 soil to the above ground tissues of the plant. The development of these xylem vessels and 47 tracheary elements have facilitated the evolution of vascular plants from bryophytes, which need 48 to grow on or near the surface of water, to trees, allowing for the transport of water over a 49 hundred meters in distance (Raven, 1993) . This essential role has led to the secondary cell wall 50 surrounding xylem cells comprising the majority of terrestrial biomass. The xylem secondary 51 cell wall is composed primarily of polymers; cellulose, hemicellulose and lignin, which provide 52 the structural support needed for long-distance transport. In addition, these polymers determine 53 both cell shape and cell specialization. Xylem vessel type can be distinguished by secondary cell 54 wall deposition patterns. Protoxylem cells, have spiral and annular thickenings, while 55 metataxylem cells have pitted thickenings. 56
The relationship between VND7 expression and xylem formation resembles a bistable 122 switch 123 124
To determine if VND7 regulates xylem differentiation via a bistable or monstable switch, 125
we used β -estradiol-VND7 inducible transgenic Arabidopsis plants (Coego et al., 2014) . This 126 two-component system drives expression of VND7 in all cell types under the G10-90 constitutive 127
promoter (Zuo et al., 2000) . We varied the expression of VND7 in a dose-dependent manner 128 (using estradiol as the inducer) and then quantified the number of xylem cells in the elongationzone of the root where protoxylem differentiation typically occurs (Figure 2A-B ) (Benfey and 130 Scheres, 2000; Esau, 1977) . Roots were stained with Calcofluor white to stain for cellulose and 131 with basic fuchsin to mark lignin deposition, both a hallmark of xylem differentiation associated 132 with secondary cell wall biosynthesis ( Figure 2B ) (Ursache et al., 2018) . The ratio of cells with 133 spiral patterning to the total number of cells in each root image was used as a measure of 134 percentage transdifferentiation to xylem and ranged from 0-100% ( Figure 2B -C, Table S1 ). In 135 plotting the resulting data, we make the assumption that each cell within the root (the population 136 of cells) encounters approximately the same concentration of β -estradiol and thus, VND7 137 expression. When VND7 expression was increased approximately 5-fold, a dramatic jump in 138 xylem cell differentiation was observed. Cell types closer to the root vascular tissue were much 139 more likely to transdifferentiate into xylem cell types upon β -estradiol treatment, suggesting 140 these cells may have more plasticity in their response to VND7 induction ( Figure S2) . 141
The observed relationship between VND7 and xylem differentiation ( Figure 2C) suggests 142 bistable response of the single gene in this class must involve autoactivating of its own promoter 317 or receiving input from another bistable gene in Class A or B ( Figure 5B ). Class B contains 10 318 genes, which generates too many possibilities to examine with the resolution of data available. 319
Thus, we carried out a more detailed analysis of the four Class A genes to predict which 320 regulatory architectures could most likely result in the bistable switch observed. 321
To refine the potential circuitry of the 4 bistable genes directly regulated by VND7 (Class 322 A) we used the phenotype-centric modeling strategy and system design space analysis to predict 323 circuity, parameter values and robustness of phenotypes (Fasani and Savageau, 2010; Lomnitz 324 and Savageau, 2013 , 2015 , Valderrama-Gómez, et al, 2018 suggested by the single cell 325 induction data. Given that VND7 is the stimulus for the bistable switch, we focused on generic 326 circuitry involving the four target genes that are also targets of VND7, as shown in Figure 6A . 327
The phenotype-centric approach represents this mechanism in terms of kinetic equations 328 (Methods) that are used to predict qualitative patterns of dynamic expression, referred to as 329 "phenotypes" (Savageau et al., 2009 ). An expression "phenotype" could include oscillatory, 330 monostable graded or bistable hysteretic switch responses. A necessary condition for bistability 331 is the overlap of three elemental phenotypes ( Figure S1F ) -two stable phenotypes separated by 332 one that is unstable. The unstable phenotype must have one eigenvalue with a positive real part, 333
indicative of an exponential instability that drives the system toward fully OFF or fully ON 334 expression, and the expression must decrease in response to an increase in the stimulus (i.e., the 335 logarithmic gain must be negative). 336
The first step in the phenotype-centric modeling strategy is to enumerate the phenotypic 337 repertoire of the model. The generic circuitry in Figure 6A has a total of 6,561 phenotypes. We 338 next filtered this list to obtain bistable phenotypes that have: (a) an eigenvalue with a positivereal part, indicative of an exponential instability that drives the system toward fully OFF or fully 340 ON expression of all four genes, (b) expression of all four genes decrease in response to an 341 increase in VND7 within the unstable region (all four logarithmic gains must negative), and (c) 342 maximum levels of expression that differ by less than 10 fold among the four genes. A smaller 343 subset of 256 phenotypes meet these three criteria. Given the 4-fold rotational symmetry of this 344 circuit, many of these phenotypes are identical. The properties of the different phenotypes are 345 listed in Table 1 . 346
Biological networks are generally recalcitrant to perturbation. Indeed, robustness of the 347 decision-making circuity is one of the most important properties necessary to ensure proper 348 differentiation in an inherently noisy intracellular and extracellular environment. The design 349 space analysis provides a measure of global tolerances (Savageau et al, 2009 ) that define the size 350 of disturbances (fold changes in the parameters and input variables of the system) that would 351 cause a qualitative change of phenotype (i.e., loss of bistability). We further analyzed and 352 ranked the global tolerance of the 19 different phenotypes for robustness in the face of large 353 disturbances ( Table 1) . Those with the largest values have the largest region ("Volume") in the 354 13-dimensional parameter space for which the bistable phenotype is preserved. 355
We next explored the consequences of a mutational event for these circuits -specifically, 356 a loss or gain of a binding site for a given transcription factor, as could be produced by mutations 357 that change the value of its dissociation constant. The change in circuitry exhibits a 358 corresponding change in phenotype whose volume in parameter space is located adjacent to that 359 of the original phenotype as "nearest" neighbors. For example, in the case of phenotype 336251 360 which is in the most robust class ( Figure 6B, Table 1 ), the nearest neighbors that still exhibit 361 bistability are twelve phenotypes, 3 of which are shown in Figure 6C : 101876 (A1L3), 180001 362 (R2L2), 258126 (C3L1),. The aggregate "volume" in parameter space for these twelve bistable 363 phenotypes is only 0.2% larger than that of the most robust phenotype alone. All of the other 364 phenotypes are two or more mutational events removed from the most robust phenotype. Thus, 365 from this analysis, the most likely circuit is predicted to be the four-gene cycle ( Figure 6B ) that 366 is associated with phenotype 336251. A simulation of the bistable response to increasing VND7 367 induction for one of the genes in the cycle is shown in Figure 7 . 368
Discussion

370
Bistable hysteretic switches are a common mechanism by which cells commit to their final 371 differentiated cell fate in animals. Bistable hysteresis requires both positive feedback and 372 cooperativity. Our single-cell resolution data demonstrates cooperativity, although with the 373 noisiness expected within a single cell population ( Figure 3C and Figure S3 ). Thus, these data 374 support VND7 driving xylem cell differentiation via a bistable switch. Our whole root data 375 further support VND7 acting as a bistable switch with hysteresis, although at the level of a whole 376 population. 377
Sixty-five xylem cells out of 195 were observed upon induction within the whole root 378 population ( Figure 3B) , which is less than the 100% observed in the elongation zone using 379 confocal microscopy. The discrepancy is due to several factors including differences in the root 380 spatiotemporal zone characterized as well as the developmental nature of xylem cells. Hair cells 381 (trichoblasts), columella cells and "undefined" cells were not imaged in Figures 2B and 2C . 382
However, when these cell populations were removed from the single cell sequencing experiment 383 demonstrated in Figure 3B , vascular cell types comprise 77.8% of induced cells in comparison 384 to 14.6% in the controls. This is well within the 70-90% (log 2 6-6.5) range seen in Region 3 of 385 Figure 2 . Additionally, because xylem cells undergo programmed cell death we are unable tosequence the transcriptome of fully differentiated cells. Thus, we anticipate a decrease in the 387 number of xylem cells identified in Figure 3B relative to Figure 2C . 388
The stochastic simulations using parameters provided from Figure 2C ( Figure S3 ) 389 demonstrated an interesting observation -with the noise observed at a single cell level, there is 390 no way for a population of independent cells to show the results seen for the whole root. Using 391 these simulations and the bistable case, if you average the trajectories for hundreds of cells, some 392
fully ON (nearly all differentiated) and others fully OFF (a very small number of xylem cells), an 393 average somewhere between ON and OFF would occur at the level of the whole population. 394
This suggests that within the whole root induction experiment, there must be some mechanism 395 that 'coordinates' the results for all the cells in the population to behave identically in the root 396 elongation zone -fully un-induced or induced ( Figure 2C ). This is reminiscent of the theory of 397 canalization (Sachs, 1968) . Given that such behavior was not observed in the single cell 398 profiling (all ON, or all OFF), we predict that disruption of the cell wall via protoplasting 399 provides a hint that such a mechanism will likely involve cell-cell signaling. 400
Many of the TFs involved in xylem differentiation form a series of FFLs including both 401 MYB46 and MYB83 (McCarthy et al., 2009; Taylor-Teeples et al., 2015) . However, only 402 MYB46 expression closely mirrored the dynamics of VND7 induction, and common VND7 and 403 MYB46-direct targets were not enriched within the set of genes exhibiting bistable behavior. 404
These data support our conclusion that the bistable switch observed is not caused by the VND7-405 MYB46-FFL. This reflects the observation that MYB46 is sufficient to regulate ectopic 406 secondary cell wall deposition (including cellulose, xylan and lignin), but not xylem cell 407 transdifferentiation (Zhong et al., 2007) . Although MYB83 is also sufficient to only regulateectopic secondary cell wall deposition like MYB46, it is only upon loss of both MYB83 and 409 MYB46 function that a secondary cell wall phenotype is observed (McCarthy et al., 2009) . 410
In addition to those genes identified to act in a bistable switch, a number of genes in four 411 different classes (Classes D-G) were also identified showing a monostable-graded response upon 412 VND7 induction ( Figure 5A) . Here, expression of a set of hypothetical genes "Y" must respond 413 to VND7 induction and provide the intermediary link to 37 monostable genes. Although our data 414 demonstrates that VND7 regulates xylem transdifferentiation by a bistable switch with features 415 of hysteresis, the enrichment of these "monostable, graded" genes suggest that VND7 may 416 indeed have independent functions not associated with xylem cell transdifferentiation. 417
The regulatory logic which determines the bistable behavior of the 15 genes remains to 418 be determined. The logic for the Class C gene (MYB46 direct target) is fairly straightforward in 419 that it responds indirectly to VND7 induction with bistability likely either by autoactivating its 420 own promoter or by receiving input from another bistable gene. The total number of possible 421 phenotypes by which bistability could be achieved was beyond the scope of this study and 422 deserves more experimentation, possibly by overexpression to determine if they are sufficient to 423 drive xylem cell differentiation, or by CRIPSR-mediated editing of their promoters to abolish 424 their regulation. In the case of autoregulation (the Class C gene) or the most robust four-gene 425 circuit (the Class A genes, VND7 direct targets) we have a much more precise prediction of the 426 most likely regulatory circuit that determines the bistable expression behavior. Similar 427 experiments as those just described would be used to validate our predictions. In addition, the would provide insight into the subtle differences by which VND7 and MYB46 regulate xylem 451 cell differentiation. Enrichment of programmed cell death marker genes, genes co-expressed 452 with CESA4 and a mild enrichment of genes associated with lignin biosynthesis within theVND7-primary cluster suggests that the cells within this cluster represent the end of the xylem 454 cell transdifferentiation developmental trajectory which includes bistability, programmed cell 455 death, but not necessarily lignification ( Figure 4D ). The MYB46-primary cluster and associated 456 enrichments show that MYB46 has the capacity to regulate some aspects of xylem cell 457 differentiation or secondary cell wall synthesis distinctly from VND7 -specifically genes 458 associated with hormone signaling and pattern differentiation ( Figure 4D) . The "mixed" cluster 459 suggests that MYB46, MYB83 and VND7 coordinately regulate much earlier stages of vascular 460 development, as this cluster is enriched in multiple cell identities in addition to the patterning 461 genes and the auxin-responsive genes ( Figure 4D) for both types of results were those predicted for the realization of phenotype number 336251 778 (Table 1) , which exhibits the positive feedback necessary for exponential instability and the 779 generation of a hysteretic bistable response: Further information and requests for resources and reagents should be directed to 822 sbrady@ucdavis.edu. 823
scaling the data in Seurat for downstream analysis, cells with a high percentage of mitochondrial, 913 chloroplast and protoplasting-induced genes were regressed out prior to clustering of cells 914 (Birnbaum et al., 2003) . Experiments in Figure 4A were merged using the MergeSeurat 915 function, providing us more power to cluster cells but also the potential risk of clustering by 916 experiment. Overall, we observed no large batch effects ( Figure 4A) . 917
918
Determining Cell Identity 919
Clustering Analysis: 920
Reducing data dimensionality and clustering cell types was performed as described by Andrews 921
and Hemberg, 2018. Code is provided in github. To identify cell types via clustering we first 922 reduced the data to the top 1,000 highly variable genes across cell types. We then further reduced 923 the data dimensionality through principal component analysis (PCA). PCs 1-12 were used for 924 further clustering as determined by the elbow of the PC standard deviations plot. Clusters were 925 then determined from these PCs using the shared nearest neighbor modularity optimization based 926 algorithm, Louvain clustering in FindClusters. To determine each cluster's cell identity, the 927 average expression value of each cluster was determined using Seurat's AverageExpression 928 function, requiring at least 25% of cells within the cluster to express each gene. These average 929 expression profiles were then compared to ~100 predefined markers for cell identity in the 930
Arabidopsis root and an ICI score calculated (Birnbaum and Kussell, 2011; Efroni et al., 2015) . 931
Tissues with significant p-values (< 0.01) for cell identity were used to define the corresponding 932 clusters and cells within clusters. VND7, MYB83 and MYB46 were not among the 100 933 predefined markers for protoxylem identity induction experiments therefore did not bias 934 assignment of cluster identity. To preserve the original data structure tSNE was used for plotting 935 with cells color coded by cluster identity. 936
The number of cells in each DropSeq experiment before and after induction that could be 937 assigned an individual cell identity given a significant ICI score are quantified in Figure S9 and 938 Table S3  939 The accuracy of cluster assignment was determined with the R Classification And REgression 940 Training package; caret (Kuhn et al., 2008) . First, the single cell data was resampled using cross 941 validation, with 10 resampling iterations resulting in 10 training and 10 testing splits. The data 942 was then trained using the support vector machine with linear kernel algorithm (svmLinear), as 943 used by Seurat, to predict cluster identity given the expression of a subset of genes. Specifically, 944
we focused on those with the strongest contribution to the first twelve principal components. 945
After ten iterations of resampling the model prediction, accuracy and kappa were reported. When 946 applied to the three protoxylem clusters in Figure S7A -B we observed 90% accuracy with 947 clustering of only protoxylem cells and 99% accuracy in calling the protoxylem cluster when 948 using all the data in Figure 4A . 949
Cluster accuracy was also determined by applying two clustering algorithms -Smart 950 Local Moving (SLM) and Louvain clustering. When applied to the three protoxylem clusters of 951 Figure S7A -B the two clustering algorithms agreed 100% of the time indicating that these three 952 clusters indeed have distinct transcriptome profiles which is unbiased by the clustering algorithm 953 used. The cells within these three clusters show 92% similarity to those seen in Figure 4A . 954 Cluster 2 shows 100% similarity to cluster 10 of Figure 4A (the VND7 primary cluster), and 955 cluster 1 showing the largest deviation from clusters of Figure 4 with 90% similarity to cluster 7 956 (Mixed). 
